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Abstract 
Malaria is one of the most deadly diseases in the world, which causes 350-500 
million infections worldwide and approximately 1 million deaths annually. 
Artemisinin, a sesquiterpene lactone produced in glandular trichomes of Artemisia 
annua L .�has become one of the most efficient anti-malarial drug therapy in recent 
years. However, due to low artemisinin contents (only 0.01% to 1.1% dry weight) 
in the plants, the wide application of artemisinin-based drugs was limited, 
especially in the developing countries. A complete understanding of the 
artemisinin metabolism and biosynthesis pathway regulation holds the key to 
successful metabolic engineering to improve the artemisinin yield. After decades' 
efforts, researchers have identified and characterized many important pathway 
enzymes and intermediate compounds. However, knowledge on the regulatory 
events that modulate the artemisinin metabolism still remains rather limited. This 
is partly due to the fact that A. annua is a non-model plant with limited genomic or 
EST resources available, and sequencing of randomly selected cDNA clones has 
often been the initial step that led to the identification of key enzymes specific for 
biosynthesis of artemisinin. Such EST-based approach is likely to have insufficient 
coverage of less abundant transcripts, including some important regulatory 
transcription factors (TFs). 
In this project, we conducted a comprehensive survey of glandular trichome 
transcriptome using the newly developed 454 pyrosequencing technology, aiming 
iv 
to identify new genes likely involved in artemisinin metabolism and trichome 
function. Two consecutive sequencing runs generated 406,044 reads with an 
average length of 210 bp nucleotides, totaling 85 Mb. After cleaning-up, 386,881 
high quality sequence reads were assembled using CAP3 software to generate 
42,678 contigs (61.8%), leaving 147,699 reads as singletons (38.2%). These EST 
reads were then blasted against NCBI non-redundant protein database. 29,577 
were found to have match with existing gene models and 14,099 among them were 
tentatively annotated using GO term. After comparison of two pyrosequencing 
runs, we found that two pyrosequencing runs could provide deep and 
comprehensive representation of transcripts expressed in A. annua trichomes. 
Further analysis of the 14,099 annotated sequences revealed many terpenoids 
pathway genes, transcription factors, and transporters. Candidate genes of interests 
have been selected for further study. We conclude that the 454 pyrosequencing 
technology is a fast and cost effective approach for gene discovery for non-model 
plants, such as A. annua. 
On the basis of our knowledge, this is the first comprehensive EST collection of 
glandular trichomes in A. annua species. The newly generated EST information 
not only provides important clues to trichome function and artemisinin metabolism 
in A. annua, it can also serve as a rich genomic resource for selection of promising 
candidate genes for further investigation. In this connection, a high efficiency A. 
annua plant regeneration system was established, which will serve as an important 

















因。我們進行了兩輪454大規模測序,得到了 406，044條序列，平均長度21 Obp， 
総長度85Mb�去除質量低下的片段后，得到386 ,881條高質量序列，使用 
CAP3軟件進行拼接，最終得到42，678條contigs (61.8%)和147，699條 
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Chapter 1. Literature Review 
1.1 The Plant of Artemisia annua L. 
Artemisia annua L. (Fig. 1) is an annual aromatic herb originating from Asia 
and grows wild in many countries (Klayman, 1985). A. annua L. belongs to the 
genus Artemisia of the family Asteraceae, which contains more than 300 
species (Tahar et al., 2006). 
Figure 1. Plant of Artemisia annua 
A. annua L. is also named Annual wormwood, Sweet sagewort, or Sweet Annie 
(Chinese name:青蒿；pinyin: Qinghao). It is a diploid organism with 36 
chromosomes (Bennett et al., 1982). It has fem-like leaves which range from 
2.5 cm to 5 cm in length, a single stem that may be more than 2 meters tall with 
alternating branches, bright yellow and small flowers, and obvious 
camphor-like scent (Kuhn et al, 2008). 
A. annua has a long history of use in Traditional Chinese Medicine for more than 
2000 years. The first mention of the name Qing Hao is in a silk medical book "The 
Recipes for 52 Kinds of Diseases" excavated from a Changsha Mawangdui tomb 
of the West Han Dynasty (168 B.C.) for treatment of hemorrhoids. In the "Chinese 
Handbook of Prescriptions for Emergency Treatment" written in 340 A.D. by Ge 
Hong of the Eastern Jin Dynasty, A. annua had its first record for treatment of 
fevers. In 1596 the famous Chinese "Compendium of Materia Medica" (Ben Cao 
Gang Mu) described its use for treatment of chills and fevers caused by malaria 
(Kuhn et a/., 2008). 
In 1967，the Chinese government began a systematic screen of plants used in 
Traditional Chinese Medicine with a specific focus on malaria treatments. In 1971， 
scientists demonstrated that the plant extracts of A. annua had antimalarial activity 
in primate models. Subsequently the active ingredient, artemisinin (formerly 
referred to as arteannuin), was isolated and its chemical structure (Fig. 3) was 
determined by X-ray diffraction analysis in 1979 (Qinghaosu Research Group, 
1978; Qinghaosu Antimalarial Co-ordinating Research Group, 1979). 
A. annua contains essential oils with at least 40 volatile compounds and several 
nonvolatile sesquiterpenes. Artemisinin and its derivatives all belong to the 
sesquiterpenes (Charles et al, 1991; Woerdenbag et al, 1994). Till now the most 
important function of artemisinin is to treat malaria, although artemisinin and its 
derivatives also have been suggested to have potential use for the treatment of 
other diseases such as schistosomiasis (Xiao, 2005) and cancer (Efferth, 2006). 
1.2 The disease of malaria 
Alongside tuberculosis (TB) and AIDS, malaria is the most deadly disease in the 
world. Malaria causes 350-500 million infections worldwide and approximately 1 
million deaths annually (Greenwood et al, 2005; Skarbinski et al, 2006). The 
burden of malaria is heaviest in sub-Saharan Africa, but the disease also exists in 
some tropical regions, like South Asia, Latin America and the Middle East (See 
Fig. 2). 
Malaria is caused by protozoan parasites of the genus Plasmodium in female 
Anopheles mosquitoes. Four species oi Plasmodium can produce the disease in its 
various forms: Plasmodium falciparum, P. v/vox, P. ovale, P. malaria. P. 
falciparum is the most widespread and virulent of the four, which causes the vast 
majority of deaths from malaria (Singh et al, 2004). 
Figure 2. The distribution of malaria in the world 
(http://www.who.int/mediacentre/events/2006) 
1.2.1 The life cycle of Plasmodium parasites 
Plasmodium parasite develops in the gut of the mosquito and is passed in its 
saliva when it takes a new blood meal. The bitten human is inoculated by the 
sporozoites of the parasite (Greenwood et ai, 2008). Then these motile 
sporozoites rapidly access the blood stream and arrive to the victim's liver, 
where they invade liver cells (hepatocytes) (Frevert et ai, 1998). The liver 
stage of infection lasts about 9-16 days. In this stage the sporozoites multiply 
asexually to yield tens of thousands of merozoites. Finally the merosome 
ruptures (Despommier et al, 2005). 
After being released, the merozoites return to the blood and penetrate the red cells 
(erythrocytes), where they multiply again and progressively break down the red 
cells. These merozoites continue to invade additional red cells (Barnwell et al., 
1998). This is the blood stage that induces the clinical symptoms of malaria, fever 
and chills and anaemia in the infected individual (Aravind et al., 2003). 
The life cycle of Plasmodium parasites turn into mosquito stage when these 
gametocytes are taken up by a female anophylean mosquito during a blood meal. 
Within the mosquito midgut, the male and female gametocytes fertilize to form 
ookinete, that goes through the mosquito gut wall and shape an oocyst. Soon the 
oocyst burst to release sporozoites into the mosquito body. Finally these 
sporozoites migrate to the salivary gland for another infection when the mosquito 
takes next blood meal (Greenwood et al, 2008). 
1.2.2 The Artemisinin-based combination therapies (ACTs) for the 
treatment of malaria 
The traditional antimalaria drugs are quinine, mefloquine and halofantrine. Due to 
the appearance of Plasmodium parasites resistance, they were no longer suitable 
for the first-line treatment to malaria (Ronn et al., 1996). 
Subsequently chloroquine took the important role of antimalarial treatment 
(Bloland et al.，1993). In 1955, the Global Malaria Eradication Programme was 
launched by the World Health Organization (WHO). The two key tools are: 
chloroquine for treatment and prevention and dichloro-diphenyl-trichloroethane 
(DDT) for vector control of Anopheles mosquito (WHO, 1999). Implementation of 
these tools had a substantial impact in some areas, particularly areas with 
relatively low transmission rates, such as India and Sri Lanka (WHO, 1999). 
Despite all the progresses and successes, finally WHO had to face the emergence 
of chloroquine-resistant Plasmodium parasites and DDT-resistant Anopheles 
mosquitoes (Brito, 2001; White, 2004). Sulfadoxine-pyrimethamine then replaced 
chloroquine as the major drug for malaria treatment. But with the rapid emergence 
of Plasmodium parasites resistant to sulfadoxine-pyrimethamine, new generation 
of anti-malaria drugs are in great need (White et al., 1999; White, 2004). 
In 2001，WHO recommended the use of artemisinin-based combination therapies 
(ACTs) in countries where Plasmodium falciparum malaria is resistant to the 
conventional antimalarial medicines: chloroquine, sulfadoxine-pyrimethamine, 
and amodiaquine (WHO, 2001). ACTs provided the highest cure rates (Adjuik et 
al‘, 2004) and the combination drug treatment markedly delays the emergence of 
resistance to the drugs (Curtis et al, 1986; White et al., 1996). This strategy had 
been utilized in the treatment of tuberculosis, leprosy, and HIV infection and many 
cancers (Curtis et al., 1986; Chawira et al., 1987; White, 1997). Since 2000，an 
increasing number of endemic countries, numbering 67 till July 2006，have 
adopted ACTs in the treatment of uncomplicated falciparum malaria (Bosman et 
al, 2007). The number of ACTs treatment courses also increased from around half 
a million in 2001 to 31.3 million in 2005, and 90 million treatments for 2006. This 
number of requirements of ACTs has been foreseen to reach in 200 million for 
2008 (Bosman et al, 2007). 
Four ACTs are currently recommended by WHO: artesunate-mefloquine, 
artesunate-sulfadoxine—pyrimethamine� artesunate-amodiaquine and 
artemether-lumefantrine (Tab. 1) (WHO GMP Homepage). 
Table 1. Antimalarial Medicines From WHO 
International 
Non-Proprietary Name 
Main Supplier Manufacturing Site 
Artemether Dafra PharmaN.V. Belgium 
Strides ARCOLAB Ltd. India 
Artesunate Guilin China 
Mepha Scherer Ltd. Switzerland 




Artesunate+ Amodiaquine Guilin China 
Ipca Laboratories Ltd. India 
Strides ARCOLAB Ltd. India 
Artesunate+ Mefloquine Mepha Scherer Ltd. Switzerland 
Artesunate+ Sulfadoxine/ Ipca Laboratories Ltd. India 
Pyrimethamine Guilin China 
(Modified from http://www.who.int/nialaria/pages/performance/antimalarialmedicines.html� 
The ACTs are now adopted and used as the first-line drugs to treat uncomplicated 
p. falciparum malaria in most countries. However the high price greatly hinders 
the development and utilization of ACTs. How to reduce the price to make it more 
affordable is currently the major task. 
1.3 Artemisinin 
1.3.1 The content and distribution of artemisinin 
Artemisinin has been reported to accumulate in the glandular trichomes on leaves 
(89% of the total artemisinin in the plant), small green stems (trace amounts), buds, 
flowers, and seeds (Martinez et ai, 1988; Charles et al., 1990; Duke et al., 1994; 
Ferreira et al, 1995b). The highest concentration of artemisinin is found in the 
leaves and inflorescences (Ferreira et al, 1995b; Ferreira et al, 1996; Gupta et al., 
2002)，which is consistent with the distribution of the glandular trichomes (Duke 
et al., 1993; Duke et al, 1994). Artemisinin and its precursor artemisitene have not 
been detected in roots (Charles et al, 1990; Trigg, 1990; Ferreira et al., 1996). Its 
content varies with the plant developmental stages. There are mainly two 
suggestions on the stage of the highest content of artemisinin in plant development 
(Abdin et al., 2003): one is before plant flowering, while the other is in the full 
flowering period. However Wang et al studied on the effects of f p f l gene 
(flowering promoting factor 1) on A. annua flowering time and the linkage between 
flowering and artemisinin biosynthesis. They found that flowering was not a 
necessary factor for increasing the artemisinin content, and the best harvest time 
was the period between the late vegetative growth stage and the occurrence of 
flowering buds (Wang et al, 2004). 
The amount of artemisinin that may be extracted from Artemisia plant varies 
widely, depending on plant material and growth conditions: yields generally range 
between 0.01% and 1.1% of the dry weight (van Agtmael et al., 1999; Abdin et al, 
2003; Wang et a/.， 2003). Artemisinin production is also influenced by 
climatological conditions (Martinez et al., 1988; Ferreira et al., 1995b). 
Environmental stress, such as light, temperature, water and salt, also can 
significantly alter the product yields (Weathers et al., 1994). 
1.3.2 The mechanism of artemisinin action 
Artemisinin is a sesquiterpene lactone with an endoperoxide bridge (Fig. 3). The 
unprecedented structure of artemisinin with an inter peroxyl ketalactal lactone is 
quite unique. Now we know that the key pharmacophore in artemisinin is the 
1,2,4-trioxane ring and, in particular, the endoperoxide bond is crucial for 
expression of antiparasitic activity. Despite the increasing utilization of artemisinin 
drugs, the exact mechanism of action is still not well understood. Both 
parasite-specific and non-specific mechanisms of action have been proposed. 
Figure 3. The Chemical Structure of Artemisinin 
1.3.2.1 The proposed non-specific mechanisms of action 
The endoperoxide bridge of Artemisinin's special structure was necessary for its 
antimalarial activity (China Cooperative Research Group on qinghaosu and its 
derivatives as antimalarials, 1982; Brossi et al, 1988). Since peroxides are a 
known source of reactive oxygen species such as hydroxyl radicals and superoxide 
(Halliwell et al, 1999), free radicals might be involved in the mechanism of 
action. 
In 1991，Meshnick and collaborators showed that artemisinin interacted with 
intraparasitic heme, which suggested that intraparasitic heme or iron might 
function to activate artemisinin inside the parasite into toxic free radicals 
(Meshnick et al., 1991). The malaria parasite is rich in heme-iron, derived from the 
proteolysis of host cell hemoglobin (Rosenthal et al, 1996). Once formed, the 
artemisinin-derived free radicals appear to damage specific intracellular targets, 
possibly via alkylation (Meshnick, 2002). 
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A possible mechanism of artemisinin induced lipid peroxidation is hypothesized. 
Interaction of lipid solubilized haem with artemisinin followed by 
ferrous-mediated generation of oxyl and carbon radicals places these reactive 
intermediates in the vicinity of target allylic hydrogens of unsaturated lipid 
bilayers. Hydrogen abstraction and allylic carbon radical formation with 
subsequent triplet ground state oxygen capture results ultimately in the formation 
of lipid hydroperoxides. The damage caused to the parasite's food vacuole 
membrane leads to vacuolar rupture and parasite autodigestion (Bray et al., 2005). 
In contrast to these proposals, other workers in the field have suggested that 
membrane bound haem may play a role in reducing the effectiveness of 
endoperoxides such as dihydroartemisinin (Vattanaviboon et al, 2002). 
1.3.2.2 The proposed parasite-specific mechanisms of action 
Several researchers also have proposed that parasite death in the presence of 
artemisinin is probably not due to non-specific or random cell damage caused by 
freely diffusing oxygen radical species, but might involve specific radicals and 
targets (Robert et al, 1998). 
Based on structural similarities between artemisinin and thapsigargin, an inhibitor 
of sarcoplasmic/endoplasmic reticulum Ca^"^-ATPase (SERCA), it was 
hypothesized that artemisinins specifically inhibit P. falciparum SERCA 
(Eckstein-Ludwig et al, 2003). SERCA is responsible for the maintenance of 
11 
calcium ion concentrations，which is important for the generation of 
calcium-mediated signaling and the correct folding and post-translational 
processing of proteins. PfATP6, the only SERCA-type Ca^^-ATPase in P. 
falciparum, was expressed in Xenopus laevis oocysts and the effect of antimalarial 
drugs was examined. Artemisinin completely inhibited PfATP6 activity 
(Eckstein-Ludwig et al, 2003; Haynes et ai, 2004). Three-dimensional modeling 
of the PfATP6 amino acid sequence and subsequent docking simulation 
demonstrated that artemisinins bind to the protein by hydrophobic interactions 
while leaving the peroxide bonds exposed (Jung et ai, 2005). This allows cleavage 
of the peroxide bridge by iron to generate carbon-centered radicals, leading to 
enzyme inactivation and parasite death (Golenser et al.，2006). 
1.3.3 The biosynthesis of artemisnin in vivo 
Despite the tremendous efforts in the past three decades, only partial 
biotransformation steps leading to artemisinin production have been elucidated 
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Figure 4. The general pathway of terpenes biosynthsis in plants. 
Modified from (Kajiwara et al, 1997; Keller et al.，2005; Rohdich et al.，2005) 
Terpenes (isoprenoids) represent the largest class of currently known natural products. Despite 
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(continued) their structural complexity, this plethora of natural products arises from only two 
simple 5-carbon precursors (5C isoprene units), IPP and DMAPP, the starting points for a wide 
range of secondary metabolites, biosynthesized through MVA pathway or DOXP/MEP 
pathway. DMAPP is condensed with IPP to generate GPP (CIO), which undergoes further 
condensation with IPP to form FPP (CI5). Sterols, sesquiterpenes and other various 
isoprenoids branch at FPP. GGPP (C20) is formed from FPP by GGPP synthase. GGPP is the 
substrate for the biosynthesis of carotenoids, quinones, gibberellins and other various 
isoprenoid compounds. 
Artemisinin belongs to isoprenoid, the largest group of plant secondary 
metabolites with important functions. The isoprenoid biosynthetic pathway occurs 
in both cytosol (MVA pathway) and plastid (DOXP/MEP pathway) and artemisinin 
is mostly derived from MVA pathway. The biosynthetic pathway for artemisinin 
starts from isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate 
(DMAPP) (Akhila et al., 1987; Akhila et al, 1990). The compounds before IPP 
and DMAPP included in the general isoprenoid pathway (see fig. 4) are common 
in almost all plant species. Geranyl diphosphate (GPP) has the active allylic 
phosphate group and can further react with IPP by famesyl diphosphate synthase 
(FPS) to produce farnesyl diphosphate (FPP), which are cyclized by cyclases to 
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Figure 5. The theoretical pathways for the biosynthesis of artemsinin 
Modified from (Liu et al.，2006; Chang et al.，2007; Covello et al, 2007) 
ADS: amorpha-4,ll-diene synthase, the first enzyme on artemisinin special biosynthesis 
pathway; CYP71AV1: a multifunctional oxidation enzyme, which can catalyze multiple 
oxidations of the sesquiterpene intermediate amorpha-4,ll-diene to artemisinic acid, 
artemisinic aldehyde All(13) reductase: a sesquiterpenoid double bond reductase, which can 
convert dihydroartemisinic aldehyde to dihydroartemisinic acid. 
The FPS cDNA of A. annua was cloned in 1996, which encoded 343 amino acids 
(39.42 kDa) (Matsushita et al., 1996). Amorpha-4,ll-diene synthase (ADS) then 
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turns FPP into amorpha-4,11 -diene. In 1999，Bouwmeester and coworkers first 
isolated ADS from pentane extract of A. annua leaves. This partially purified 
enzyme showed the typical characteristics of sesquiterpene synthase (SES), such 
as a broad pH optimum around 6.5-7.0 and a molecular mass of 56 kDa 
(Bouwmeester et al, 1999). ADS gene was also cloned and expressed in E. coli 
(Mercke et al., 2000). Partially purified ADS was proved to carry out peroxidation 
reaction to form artemisinin from arteannuin B (Dhingra et al, 2001). CYP71AV1, 
which was characterized from a glandular trichomes cDNA library, is a 
multifunctional oxidation enzyme which catalyzes multiple oxidations of the 
sesquiterpene intermediate amorpha-4,11-diene to artemisinic acid (Teoh et al., 
2006). Sesquiterpenoid double bond reductase, namely artemisinic aldehyde 
All(13) reductase, converts dihydroartemisinic aldehyde to dihydroartemisinic 
acid (Zhang Y. et al, 2008). Dihydroartemisinic acid has been reported that could 
be converted into artemisinin through non-enzyme reaction (Wallaait et al” 1999; 
Sy et al., 2002; Brown et al., 2004). Because high dihydroartemisinic acid level 
and low artemisinic acid level always co-occurs followed by high artemisinin level, 
e.g., in a Vietnamese genotype, and high artemisinic acid genotype often has low 
dihydroartemisinic acid and artemisinin levels (Woerdenbag et al, 1994; Wallaart 
et al., 2000), it is believed that dihydroartemisinic acid is the direct precursor for 
artemisinin, at least in the Vietnamese genotype (Bertea et al., 2005). 
1.3.4 The biosynthesis of artemisinin in vitro 
Attempt at artemisinin production from plant tissue culture is an attractive 
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alternative for increased the artemisinin yield. The biosynthesis of artemisinin has 
been studied in the callus, suspension cells, shoots, and hairy roots of A. annua 
during their cultivation in vitro. However, the results are somewhat contradictory. 
In undifferentiated callus and cell suspension cultures of A. annua, no artemisinin 
was detected (Martinez et aL, 1988; Woerdenbag et al., 1993; Paniego et al, 1994). 
In shoot cultures, artemisinin content was only 0.008% (He et al., 1983). When the 
sucrose concentration was adjusted to 2%，the shoot cultures showed better growth 
and more artemisinin content (Woerdenbag et al., 1993). In hairy root culture, 
attempts were also made to improve the artemisinin production by optimizing 
medium components. Wang and Tan reported that the ratio of NO3/NH4 and total 
initial nitrogen concentration could affect artemisinin production(Wang et al, 
2002). The addition of plant growth regulators and casein hydrolysate also 
increased the artemisinin production (Woerdenbag et al., 1993). Liu et al. reported 
light irradiation effected the growth and production of artemisinin in hairy root 
cultures o f^ . annua (Liu et al, 2002). 
Precursor feeding has also been tested. Addition of precursors resulted in a 
four-fold increase of artemisinin in the tissues and an 11-fold increase of 
artemisinin in the spent medium (Weathers et al., 1994). However, the feeding of 
mevalonic acid alone did not induce an enhancement of the artemisinin production 
(Woerdenbag et al, 1993). 
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Over-expressing the pathway enzymes or by inhibiting an enzyme of another 
pathway competing for artemisinin precursors are other attractive ways for 
enhanced artemisinin production. In 1996, Vergauwe et al established an 
Agrobacterium tumefaciens-mQdxdiQd. transformation system of A. annua. 
Artemisinin contents in the leaves of regenerated plants were 0.17 % DW, a little 
bit higher than that presented in the leaves of normally cultured plants (0.11 % 
DW) (Vergauwe et al, 1996). A cotton FPS cDNA was transferred into A. annua 
via A. tumefaciens and the artemisinin concentration in the transgenic plants was 
found approximately 8 - 1 0 mg/g DW, which are 2-3 folds higher than that in the 
control (Chen et al., 2000). Zhang L. et al. suppressed the expression of SQS (a 
key enzyme in sterol pathway which was a competitor of artemisinin biosynthetic 
pathway) using RNAi technique and found that artemisinin contents of some 
transgenic plants were significantly increased to 3.14-fold compared to the control 
plants (Zhang L. et al, 2008). 
1.4 Trichomes 
Trichomes are small protrusions of epidermal origin on the surfaces of leaves and 
other organs of many plant species (Behnke, 1984). They are different in size, 
shape, number of cells, morphology and also cell composition (Schilmiller et al, 
2008). Normally trichomes are divided into two general categories: non-glandular 
(or named simple trichomes) and glandular (glandular secreting trichomes, GSTs). 
The typical examples of non-glandular trichomes are Arahidopsis and cotton fiber 
trichomes, while glandular trichomes in basil and mint have been studied 
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extensively. 
Structurally, non-glandular trichomes presumably are single-celled and un- or less 
branched, such as Arabidopsis trichomes (Hulskamp et ai, 1994). Otherwise 
glandular trichomes are much more complex, ranging from small structures 
consisting of a few cells to large structures with differentiated basal, stalk and 
apical secreting cells. It is common for multiple trichome types to co-exist on the 
same plant or even on the same organ. • 
Functionally, non-glandular trichomes can deter herbivores, guide the path of 
pollinators or affect photosynthesis, reduce the leaf temperature, or prevent water 
loss through increased light reflectance (Rodriguez et ai, 1984). Glandular 
secreting trichomes (GSTs) may produce pest- or pollinator-interactive chemicals 
which are stored or volatilized at the plant surface. In some desert species, GSTs 
produce such high levels of exudates to form a continuous layer on the plant 
surface, which may increase light reflectance and thereby reduce the temperature 
of plant surface (Wagner, 1991). 
1.4.1 Non-glandular trichomes 
The most typical representation of non-glandular trichomes is Arabidopsis 
trichome. Trichomes of Arabidopsis are single-celled structures of epidermal 
origin normally present on most aerial parts of the plant including rosette leaves, 
stem and cauline leaves, but not on the hypocotyl and the cotyledons. On rosette 
19 
leaves of Arabidopsis they have usually three branches, while trichomes on cauline 
leaves, sepals and the stem are less branched or unbranched (Hulskamp et ai, 
1994). 
Because Arabidopsis trichome has single living cell with a complex structure and 
is easily accessible and dispensable, it became a suitable model system to study 
various aspects of cell development, cell differentiation including cell fate 
determination, cell cycle regulation, cell polarity induction and cell expansion 
growth (Hulskamp et al, 1994; Marks, 1997; Szymanski et aL, 2000; Schellmann 
et al., 2005; Exner et aL, 2008). Regulatory genes involved in trichome patterning 
and development have been identified by screening of trichome mutations of 
Arabidopsis (Kryvych et al, 2008). 
1.4.2 Glandular trichome 
Glandular trichomes are highly specialized epidermal appendages responsible for 
synthesis, storage, and secretion of a lot of secondary metabolites such as various 
classes of terpenes (Gershenzon et aL, 1992; Hallahan, 2000; van Der Hoeven et 
aL, 2000), phenylpropanoid derivatives (Gang et al, 2001), methylketones 
(Fridman et al., 2005) and flavonoids (Voirin et al., 1993). It is therefore an 
excellent model system for studying plant metabolic processes and their regulation 
within a single cell type (Wink, 2003; Gang, 2005). In addition, because the 
glandular trichomes can be easily isolated from all other cell types yet remain 
metabolically activity, it is possible to monitor protein and RNA levels and 
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enzyme activities in a single, fully differentiated plant cell type (Xie et al, 2008). 
Many secondary metabolites are specially localized in GSTs. For example, the 
peltate glandular trichomes of basil {Ocimum basilicum, Lamiaceae) contain only 
four cells, synthesize a large number of monoterpenes and sesquiterpenes, such as 
geraniol, aldehyde geranial and citral, etc. (Schilmiller et al, 2008). The 
investigation of monoterpene biosynthesis of mint species is quite thorough (Wise 
et al, 1999). Peppermint accumulates large quantities of monoterpenes in peltate 
glandular trichomes, which consist of one basal cell, one stalk cell, eight glandular 
secretory cells and a sub-cuticular oil storage cavity that is derived from the thick 
cuticle of the secretory cells (Turner et al., 2000). Isolated peppermint glandular 
trichomes were found to biosynthesize monoterpenes, defining the secretory cells 
as the site of monoterpene biosynthesis in planta (Gershenzon et al., 1992; 
McCaskill et al, 1992). All of the monoterpene biosynthetic enzymes have been 
biochemically and immunocytochemically localized to the secretory cells of the 
pelate glandular trichomes of peppermint (Turner et al, 1999; Turner et al, 2004). 
1.4.3 Trichomes of Artemisia annua L. 
Two types of trichomes exist on the surface of A. annua L.: non-glandular 
T-shaped trichomes and 10-celled biseriate glandular secreting trichomes (GSTs), 
which occur on leaves, stems, and inflorescences (Duke et al, 1993; Ferreira et al, 
1995a). The development of GSTs appears to begin very early during leaf 
development with the anticlinal division of a protruding epidermal cell (Duke et 
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al, 1993). GSTs of A. annua L. normally have one basal, one stalk and three 
secretory pairs of cells, totally 10 cells. The basal, stalk and apical cell pairs are 
colorless, whereas the two subapical cell pairs are green under light microscope. 
Duke et al provided evidence that glandular trichomes are the sole sites of 
artemisinin accumulation. They described the development of such glands in 
leaves of A. annua and reported that no artemisinin or artemisitene could be 
detected from a glandless biotype and that virtually all artemisinin could be 
extracted by a 5-sec leaf dip in chloroform, without visible damage to other leaf 
epidermal cells, from the biotype with glands (Duke et al., 1994). 
Artemisinin content was also shown to be 4 to 11 times higher in the inflorescence 
as compared to leaves (Ferreira et al, 1995b) and the presence and development of 
glandular trichomes in the inflorescences was associated with artemisinin 
production based on extraction studies (Ferreira et al,, 1995a). Kapoor and 
coworkers used two arbuscular mycorrhizal (AM) fungi, Glomus macrocarpum 
and Glomus fasciculatum to treat the seedling plants of A. annua L. and found an 
increase of artemisinin concentration followed by an increase of glandular 
trichome density on leaves (Kapoor et al., 2007). 
GSTs are believed to be the site of biosynthesis and storage of a wide range of 
artemisinin-related amorphane type sesquiterpenoid compounds (Li et al, 2006). 
Most of essential oil components of A. annua are also accumulated in the GSTs. 
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This oil consists primarily of mono- and sesqui-terpenes, typically including the 
monoterpenes a-pinene, artemisia ketone, 1,8-cineole and camphor and the 
sesquiterpenes p-caryophyllene and germacrene D (Ferreira et al, 1997; Tellez et 
al, 1999; Li et a/., 2006). 
The method of isolation GSTs is based on the mechanized abrasion of plant tissue 
followed by filtration, which also was adapted from other plants (Gershenzon et al, 
1992; Teoh et a!., 2006). And according the work of Teoh et al., flower buds were 
found to be a good source of GSTs for which contamination with non-glandular 
trichomes was minimized (Teoh et al., 2006). 
Teoh and coworkers constructed three cDNA libraries: trichome minus flower-bud 
subtracted (GSTSUB)，full-length trichome (AAGST), and full-length flower bud 
(AAFB) libraries. And a total of 1928，2812，and 1041 ESTs from the three 
libraries were sequenced. From the first two libraries, they identified a 
multifunctional cytochrome P450 CYP71AV1 and characterized its function (Teoh 
et al, 2006). Now we have known CYP71AV1 is an important oxidation enzyme, 
which catalyzes multiple oxidations of the sesquiterpene intermediate 
amorpha-4，ll-diene to artemisinic acid (see Fig. 5 artemisinin biosynthesis 
pathway). A sesquiterpenoid double bond reductase was identified by analysis of 
the same ESTs data. This enzyme, artemisinic aldehyde A11 (13) reductase, was 
suggested to convert dihydroartemisinic aldehyde to dihydroartemisinic acid, the 
precursor of artemisinin (Zhang Y. et al, 2008). 
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1.5 DNA Sequencing Methods 
DNA contains the heritable genetic information used in the developmental 
programs of all living organisms, existing in nuclei, plasmids, mitochondria and 
chloroplasts of the cells. Determining the genetic information stored in a living 
organism is therefore extremely important for understanding the fundamental 
biological processes. . 
The appearance of DNA sequencing in 1970，s has significantly promoted the 
development of biological research. The rapid speed of sequencing attainable with 
modern DNA sequencing technology has been instrumental in the large-scale 
sequencing of the human genome, namely, the Human Genome Project. Related 
projects, often by scientific collaboration across countries, have generated the 
complete DNA sequences of many animal, plant, and microbial genome (Human 
Genome Project Information, ； Blattner et ai, 1997; The C. elegans Sequencing 
Consortium, 1998; Dunham et al, 1999; Venter et ai, 2001; Kae, 2003). 
Two methods for DNA sequencing became available in the late 1970’s. 
Remarkably the two different methods were published in the same year (1977) in 
the same journal (Proc, Natl. Acad. Sci.) (Maxam et al., 1977; Sanger et al, 1977)! 
The two methods are: 
1. Maxam-Gilbert sequencing: chemical cleavage method using double-stranded 
DNA (ds DNA). 
2. Sanger-Coulson sequencing: chain termination method using single-stranded 
DNA (ss DNA). 
Thus far, most DNA sequencing has been performed using the second method 
developed by Frederick Sanger and coworkers. Various modifications have been 
developed and it has been automated for very large-scale sequencing, e.g. Human 
Genome Project. However, new sequencing technologies such as Pyrosequencing 
are gaining an increasing share of the sequencing market. More genome data is 
being produced by pyrosequencing than Sanger DNA sequencing these days. 
1.5.1 The basic principle of pyrosequencing 
Pyrosequencing is a new DNA sequencing method based on the "sequencing by 
synthesis’’ principle. The technique was developed by Mostafa Ronaghi and Pal 
Nyren at the Royal Institute of Technology in Stockholm in the 1990s (Ronaghi et 
al., 1996; Ronaghi et al, 1998; Nyren, 2007). The method detects the activity of 
DNA polymerase with a chemiluminescent enzyme. Essentially, it allows 
sequencing of a single strand of DNA by synthesizing its complementary strand, 
one base pair at a time, and detects which base was actually added at each step. 
The template DNA is immobilized, and solutions of A, C, G and T nucleotides are 
added sequentially. Light is produced only when the nucleotide solution 
complements the first unpaired base of the template. The sequence of solutions 





of the template (Ronaghi et al, 1996). 
Polymerase 
Figure 6. The principle of Pyrosequencing (Modified from Robert et al., 2005) 
The detail sequencing procedure is as follows: Firstly, ssDNA template is 
hybridized to a sequencing primer and incubated with the enzymes DNA 
polymerase, ATP sulfurylase, luciferase and apyrase and with the substrates 
adenosine 5' phosphosulfate (APS) and luciferin. Secondly, one of the four dNTPs 
is added. DNA polymerase incorporates the correct, complementary dNTPs onto 
the template. This incorporation releases pyrophosphate (PPi) stoichiometrically. 
Thirdly, ATP sulfurylase quantitatively converts PPi to ATP in the presence of APS. 
This ATP acts as fuel to the luciferase-mediated conversion of luciferin to 
oxyluciferin that generates visible light in amounts that are proportional to the 




by a camera and analyzed in a program. Otherwise, unincorporated nucleotides 
and ATP are degraded by the apyrase, and the reaction can restart with another 
nucleotide (see Fig. 6) (Ronaghi et al, 1996; Ronaghi et al., 1998; Nyren, 2007). 
Currently, a limitation of the method is that the lengths of individual reads ofDNA 
sequence are in the neighborhood of 300-500 nucleotides, shorter than the 
800-1000 mer obtainable with chain termination method (Sanger sequencing 
method). This can make the process of genome assembly more difficult, 
particularly for sequence containing a large amount of repetitive DNA. 
1.5.2 454 pyrosequencing and its application 
454 pyrosequencing is a newly developed massively parallel sequencing 
technology that allows sequencing of roughly 100 megabases raw DNA in 7-hour 
run. 
Firstly, genomic DNA is fractionated into smaller fragments (300-500 bp) that are 
subsequently blunted. Short adaptors are then ligated onto the ends of the 
fragments. These adaptors provide priming sequences for both amplification and 
sequencing of the sample-library fragments. Adaptor B contains a 5'-biotin tag that 
can immobilize fragments onto streptavidin coated beads. Each bead only can 
contain one single fragment. The bead-bound fragment is emulsified with the 
amplification reagents in a water-in-oil mixture. Each bead is captured within its 
27 
own microreactor where PGR amplification occurs that is called emPCR. This 
results that one bead finally contains many clonally amplified DNA fragments. 
Then sstDNA library beads are layered with Enzyme Beads (containing sulfurylase 
and luciferase) onto the P i c o T i t e r P l a t e T M device. The device is centrifuged to 
deposit the beads into the wells. The layer of Enzyme Beads ensures that the DNA 
beads remain positioned in the wells during the sequencing reaction. The 
bead-deposition process maximizes the number of wells that contain a single 
amplified library bead (avoiding more than one sstDNA library bead per well). The 
loaded PicoTiterPlate device is placed into the GS FLX instrument. Sequencing 
reagents will flow across the wells of the plate. Nucleotides are flowed 
sequentially in a fixed order across the PicoTiterPlate device during a sequencing 
run. During the nucleotide flow, each of the hundreds of thousands of beads with 
millions of copies of DNA is sequenced in parallel (454 Life Sciences Homepage,； 
Margulies et al, 2005; Weber et al., 2007; Torres et al, 2008). Fig. 7 is the 
principle and whole protocol of 454 sequencing. 
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Automatic reading of the 
sequencing resailts 
Figure 7. The basic principle and the protocol of 454 sequencing (454 Life 
Sciences Homepage) 
Advantages of 454 sequencing 
Fast: Roughly 100 million bases of raw DNA sequence per 7-hour run of their 
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sequencing machine, the GS FLX. The improved GS FLX Titanium series 
reagents can sequence 400-600 million bases per 10-hour run. 
2. Cost-Effective: Benefit from reduced cost per base compared to conventional 
Sanger technology. And G-C rich content is not as much of a problem. 
3. Simple: Perform sequencing runs with an easy-to-use instrument requiring 
minimal steps. 
4. Efficient: Sequencing a typical bacterial genome can be finished in days with 
one person - without cloning and colony picking work. 
5. Convenient: Use the complete system solution - from sample preparation to 
data mapping or assembly. 
Disadvantages of 454 sequencing 
However, relatively short reads of pyrosequencing (for GS20 machine is 100 bp 
and for GS FLX machine is 200-300 bp) may cause problems when dealing with 
highly repetitive genomes, as repetitive regions of over 100 bp cannot be 
"bridged" and thus must be left as separate contigs. Also, the nature of the 
technology lends itself to problems with long homopolymer runs. 
454 sequencing has quickly been adopted worldwide for a broad spectrum of 
applications including whole genome sequencing of any organism we interest, 
amplicon (ultra deep) sequencing to detect genetic variation in target genomic 
regions, transcriptome sequencing of unknown genomes in order to find novel 
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genes and assess new gene functions, even identify and analyze non coding RNA 
such as small RNA, and many more other applications (Cheung et al., 2006; 
Henderson et al, 2006; Korbel et al, 2007; Weber et al, 2007; Rothberg et al, 
2008; Wheeler et al, 2008). 
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Chapter 2. Materials and Methods 
2.1 Chemicals 
All chemicals used were either of reagent grade or molecular grade and were 
purchased from Sigma- Aldrich Chemical Co. (USA), Roche Diagnostics 
Corporation (USA), Bio-Rad Co. (USA), Promega Bioscience (USA) unless 
otherwise specified. 
2.2 Plant materials 
The seeds of A. annua L. were collected from the You Yang Seed Base of Si 
Chuang Province, China. The seeds were geminated in the soil (Blumenerde, 
Capriflor® Premium Qualitat, Klasmann-Deilmann GmbH, Germany) directly. 
After about 1 month, seedlings with more than 5 cm in length were transferred into 
larger container (Height: 27 cm; Diameter: 22 cm) with 3 seedlings/pot and were 
cultivated in the CUHK Biology Department greenhouse under natural condition. 
The complete life cycle of the plant is 8-10 months. 
The Agrobacteria /w/we/ade似-mediated transformation and plant regeneration 
system of A. annua was established as follows: the seeds were first 
surface-sterilized by soaking in 30% NaClO for 3 min, followed by rinsing three 
times with sterile distilled water. The sterilized seeds were then germinated under 
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sterile conditions in 150 ml Erienmeyer flask containing 50 ml of MO germination 
medium (Tab. 2). The pH was adjusted to 5.8 with 1 or 0.1 M NaOH before the 
addition of 0.8% agar. The medium was autoclaved at 1 2 1 � C for 20 min. The 
germination step took about 3 to 5 days. The seedlings were then cultivated in the 
plant tissue culture chamber (Model CU-36L，Percival Scientific, Inc., Perry, lA, 
USA) with 16h day/8h night and at a temperature of 25°C. 
2.3 Preparation of the cDNA sample for 454 sequencing 
2.3.1 Scanning electron microscopy 
Hitachi S-3400N Scanning Electron Microscope (SEM) (Hitachi High 
Technologies America, Inc., Pleasanton, CA) equipped with Deben COOLSTAGE 
system (Deben UK Ltd., Woolpit, Bury St Edmunds, Suffolk, IP30 9QS, UK) was 
used in this study. The chiller of COOLSTAGE system was switched on 30 
minutes before use, allowing time for the cooling water to be chilled to S'C below 
ambient temperature to enable immediate cooling of the specimen to the required 
temperature. Sections of leaves, stems and flower buds of A. annua at different 
developmental stages were collected and immediately inserted into the specimen 
chamber. The temperature was then set at -20°C. The samples were examined at 
10.0 kV using the SEM. 
33 
2.3.2 Isolation of glandular trichomes 
Glandular trichomes were isolated from flower buds of A. annua plants as 
described previously (Teoh et al., 2006). Firstly, flower buds were collected 
carefully and chilled in ice-cold water for 1 h. 10 g of plant materials were then 
weighed and added into the 350 ml chamber of the Bead Beater (BioSpec Products, 
Inc., Bartlesville, OK, USA). At the same time, 80 - 100 g of glass beads (0.5 mm 
diameter) (BioSpec Products, Inc., Bartlesville, OK, USA), XAD-4 resin (1 g/g 
plant material) (Amberlite® XAD® 4，SUPELCO, Sigma- Aldrich Chemical Co., 
Bellefonte，PA, USA), and isolation buffer were added to the chamber. The 
chamber was fixed on Bead Beater and enveloped in ice-water. The plant material 
was abraded in the ice-chilled chamber for Imin，followed by 1 min quiescence. 
After 3 times of such operations, the contents of the chamber were filtered through 
350 \xm nylon mesh (Small Parts Inc., Miami Lake, FL, USA). The residual 
contents were rinsed twice with rinse buffer and then passed through a 105，40 and 
30 \im nylon mesh in order. Finally residual contents of 30 |im were recovered. 
Isolation buffer: 25 mM MOPSO，pH 6.6，200 mM sorbitol, 10 mM sucrose, 5 
mM thiourea, 2 mM dithiothreitol, 5 mM MgCb, 0.5 mM sodium phosphate, 0.6% 
(w/v) methylcellulose and 1% (w/v) polyvinylpyrrolidone (PVP) (Mr 40000) 
Rinse buffer: Isolation buffer without PVP and methylcellulose 
2.3.3 cDNA synthesis and normalization 
Glandular trichomes were washed twice by RNase-free water to remove the 
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residue buffer before frozen in liquid nitrogen. Trichomes were then ground in 
pre-chilled mortars to fine power in liquid nitrogen. Total RNA was extracted 
using an RNeasy® Plant Mini Kit (QIAGEN, QIAGEN GmbH, Germany) 
according to the manufacturer's instructions. Finally total RNA was dissolved in 
30 |j.l RNase-free water and quantified by OD260 and OD280 measurements. 
Total RNA was used for first-strand complementary DNA (cDNA) synthesis 
following the user manual of BD Smart™ PGR cDNA Synthesis Kit (Clontech, 
Clontech Laboratories, Inc., CA, USA). The 1'^-strand cDNA was amplified by LD 
PGR with 5，PGR Primer II A (5'- AAGCAGTGGTATCAACGCAGAGT -3，）to 
cDNA using the same kit. The quality of the double-strand (ds) cDNA was 
checked by electrophoresis by loading 5 |il of sample on a 1.1% agarose / EtBr gel 
in 0.5 X TBE Buffer. 
For rare gene discovery, normalization must be performed to reduce the number of 
highly abundant transcripts present in the standard cDNA. Before normalization, 
the resulting ds cDNA was purified using QIAquick® PGR Purification Kit 
(QIAGEN, QIAGEN GmbH, Germany) to remove the primer excess, dNTPs and 
salts was required. Normalization of the purified ds cDNA was carried out by 
TRIMMER cDNA Normalization Kit (EVROGEN，Evrogen JSC, Moscow, 
Russia) according to the manufacturer's instructions. After denaturation and 
hybridization, the ds cDNA was treated by double-strand nuclease (DSN, supplied 
by Trimmer normalization kit) to degrade the ds cDNA and equalize single-strand 
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(ss) DNA fraction. The product was then amplified in single round PGR with PGR 
primer Ml (5'- AAGCAGTGGTATCAACGCAGAGT -3') and re-amplified in 
another round with PGR primer M2 (5'- AAGCAGTGGTATCAACGCAG -3，). 
Finally the normalized ds cDNA were purified using the QIAquick® PGR 
Purification Kit. The quality of the resulting ds cDNA was checked by 
electrophoresis on a 1.2% agarose gel. 
2.4 454-EST sequencing and processing 
About 3 |ig of normalized and purified cDNA sample of glandular trichomes was 
submitted for pyrosequencing. The cDNA sample was sheared via nebulization 
into small fragments (300—500 bp) that were subsequently polished (blunted). 
Short adaptors were then ligated on to both ends of each resulting fragment, which 
provide priming sequences for both amplification and sequencing, forming the 
basis of the single-stranded template library. These adaptors also provide a 
sequencing key which was used by the system software to recognize legitimate 
library reads. Next, the library was immobilized onto streptavidin beads (Cheung 
et al, 2006; Emrich et al, 2007). Finally, two sequencing runs were performed on 
the 454 GS FLX sequencing system (454 Life Sciences, Branford, CT, USA). 
In total, 85 Mb of cDNA data was generated. To pre-process the data, poly (A/T) 
tails were first removed from these raw 454-EST sequences using an in-house perl 
script. The primer sequences used to amplify the cDNA (5'-
AAGCAGTGGTATCAACGCAG -3，) were removed by Seqclean 
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(http://compbio.dfci.harvard.edu/tgi/softwareA and subsequently the data were 
trimmed using the same software under default settings to remove the simple 
sequence repeats (SSRs). Finally, the sequences shorter than 50 bp were discarded. 
2.5 Analysis of 454 sequencing data 
The returned high-quality reads were assembled using CAP3 
rhttp://seq.cs.iastate.edu/) (Huang et al, 1999) under default settings. Abundant 
unique contigs and singletons were resulted and subsequently blasted against the 
NCBI non-redundant protein database using BLAST2G0 (http://www.blast2go.de/") 
(Conesa et al, 2005; Conesa et al., 2008) with setting of expected value cut off of 
lO'io. Finally from Gene Ontology (GO) website (http://www.geneontologv.orgA. 
GO ID and the gene annotation could be got that was the basis to predict the genes 
function. 
2.6 Establishment of regeneration system of A annua L. 
Making transgenic plants is a powerful route to characterize the biological 
function of candidate genes. Part of my project also involves the establishment of 
regeneration system of A. annua L. 
2.6.1 Shoots induction from leaf discs 
The middle or upper leaves o f ^ . annua >2 months old grown in the E-flask were 
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used as explants. Leaf discs were cut using sterile blade and cultivated in 90mm 
Petri dishes sealed with parafilm. The conditions of experimental growth chamber 
were the same as before. 
The medium of shoot induction was Ml (Tab. 2). In order to test the efficiency of 
A. annua shoot induction, different combinations of 6-benzylaminopurine (6-BA) 
and naphthaleneacetic acid (NAA) were investigated (Tab. 2) (Ghosh et al, 1997； 
Vergauwe et a!., 1998; Chen et al, 2000; Han et al., 2005).“ 
2.6.2 The sensitivity of the explants to Kanamycin 
M2 medium was used to test the explants' sensitivity to Kanamycin (Kan) (Tab. 2). 
Different concentrations of Kan, ranging from 0，2.5，5，10，15 to 20 mg/1, were 
applied to the medium (Chen et al., 2000; Han et al., 2005). 
2.6.3 Rooting of the regenerated seedlings 
The M3 medium was used for rooting (Tab. 2). The regenerated shoots (2-3cm) on 
Ml medium were transferred to the rooting medium supplemented with different 
concentration of NAA (Ghosh et al, 1997; Vergauwe et al, 1998; Chen et al, 
2000; Han et al, 2005) to test the rooting efficiency. 
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Table 2. Summary of medium used to establish the A. annua regeneration 
system of A. annua L. 
Medium Function Components 
Germination medium 
1/2 MS basal medium', 1.5% (w/v) sucrose, 0.8% 
MO 
(w/v) agar, pH 5.8 
Ml Shoots induction medium 
MS2 + a mg/1 BA (a = 0.5，1.0，2.0) + b mg/1 
NAA (b = 0.05，0.1, 0.15，0.2, 0.3’ 0.4, 0.5) 
M2 The test of Kan 
MS2 + 0.5 mg/1 BA + 0.3 mg/1 NAA + n mg/1 Kan 
(n = 0, 2.5, 5，10，15，20) 
M3 Rooting medium MS2 + n mg/1 NAA (n = 0，0.1’ 0.25，0.5) 
1: MS (Murashige & Skoog (1962)) basal medium was purchased from Sigma- Aldrich 
Chemical Co. 
2: MS means MS basal medium + 3% (w/v) sucrose + 0.8% (w/v) agar, pH 5.8. 
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Chapter 3. Results and Discussion 
3.1 Glandular trichome isolation and cDNA preparation 
3.1.1 The distribution of glandular trichomes on A, annua 
Glandular trichome distribution at different developmental stages was observed 
under scanning electron microscope (SEM) (Fig. 8). At the early developmental 
stages (1 to 2 months) after germination, the density of glandular trichomes on the 
surface of leaf is rather low. The density increases dramatically from month 3 and 
remains stable till the inflorescences stage. Because artemisinin is synthesized in 
glandular trichomes, our observation coordinates with previous reports about the 
content of artemisinin in different developmental stages (Ferreira et al.’ 1995a; 
Ferreira et al, 1996). 
We also characterized the distribution pattern of glandular trichomes in different 
tissue types. Fig. 9 showed that glandular trichomes exist on almost all aerial parts 
of the plants, such as the surface of leaf, stem and flower, with highest density on 
the apex of the flower buds especially. However, there were no glandular 
trichomes on the surface of root or hairy root, which is also in agreement with the 
previous reports (Ferreira et al, 1995a). The flower buds were then selected as the 
tissue for glandular trichome isolation. 
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Figure 8. The trichomes distribution on leaf surface of A. annua L. in 
different developmental stages 
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Figure 9. Trichomes distribution on different tissue types of A annua under 
SEM 
3.1.2 The isolation of glandular trichomes 
Glandular trichomes were isolated from the flower buds of A. annua using the 
filtration method (see 2.4.1). The recovered trichome preparation from 30 |im 
mesh was confirmed by microscopy. Approximately 90% of the preparations were 
glandular trichomes with the remaining 10% being fragments of T-shaped 
non-glandular trichomes (Fig. 10). 
42 
Figure 10. The isolated glandular trichomes of A. annua recovered from 30 
^m mesh 
A. Low magnification micrograph; B. High magnification phase contrast micrograph. 
(GST: glandular secretory trichome; NT: non-glandular trichome.) 
3.1.3 The preparation of ds cDNA for 454 sequencing 
Firstly total RNA was extracted from the glandular trichomes. The concentration 
of RNA was 175 ng/^ il with OD260/OD280 ratio of 1.90 and OD260/OD230 ratio of 
2.14, indicating high quality of extracted RNA. 3 yd of total RNA was 
synthesized to f^-stand cDNA and amplified to dscDNA after PGR reaction of 
16 cycles. The ds cDNA was then normalized and purified. The quality of ds 
cDNA was checked by electrophoresis using 5 |xl samples on a 1.2% agarose / 
EtBr gel in 0.5 x TBE Buffer. The result was showed in Fig. 11. 
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Figure 11. Analysis of the prepared ds cDNA sample for 454 sequencing 
Ml: 1 Kb (Kilo base pair) marker (Takara, TAKARA BIO INC., Shiga, Japan); M2: 100 bp 
marker (Invitrogen, Invitrogen Corporation, California, USA); Lane 1-6: The purified and 
normalized ds cDNA samples which were submitted to 454 sequencing. The smear of samples 
with no clear bands indicated that normalization was efficient. The average length was 
1000-2000 bp, indicating the good quality of cDNA samples. 
3.2 Pre-process of 454 pyrosequencing data 
Two sequencing runs generated 406,044 (23-411 bp) reads with an average length 
of 210 bp nucleotides totaling 85 Mb (Tab. 3). After cleaning-up (removal of the 
poly (A/T) tails, primer sequences, SSRs and short sequences (<50 bp)), 386,881 
high quality reads with an average length of 205 bp nucleotides were resulted. 
Majority (90.6%) of the reads ranged between 100-300 bp. 
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Table 3. Sequence length distribution of the raw data and processed data 
Nucleotides length (bp) Raw data Processed data 
1-99 44,326 34,526 (>50 bp) 
100-199 88,261 99,268 
200-299 270,283 251,353 
300-399 3,173 1,733 
400-499 1 1 
Total reads 406,044 386,881 
Total length -85 Mb -79 Mb 
Maximum length 411 bp 411 bp 
Minimum length 23 bp 50 bp 
Average length 210 bp 205 bp 
Table 4. Sequence length distribution of assembled contigs and singletons 
Nucleotides length (bp) Contigs Singletons 
50-99 276 22,730 
100-199 2,534 41,936 
200-299 19,220 82，169 
300-399 11,568 863 
400-499 4,940 1 
500-599 1,991 0 
600-699 980 0 
700-799 529 0 
800-899 296 0 
900-999 142 0 
1,000-1,499 173 0 
1,500-1,999 22 0 
>2,000 7 0 
Total reads 42,678 147,699 
Maximum length 2,366 bp 411 bp 
Minimum length 52 bp 50 bp 
Average length 334 bp 191 bp 
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These 386,881 high quality sequence reads were assembled using CAP3 software 
to generate 42,678 contigs (61.8%), leaving 147,699 reads as singletons (38.2%) 
for a total of 190,377 unique sequences (Tab. 4). More than 90% of the assembled 
contigs are longer than 200bp, with the longest one more than 2000 bp and contain 
many component reads (Tab. 5). Most contigs were assembled by more than 10 
reads. The analysis suggested that more than one-third reads couldn't be 
assembled into contigs presumably with the following reasons. Firstly, the short 
overlapping of many individual reads can't assemble efficiently due to the 
limitation of current assembly software. Secondly, bias of abundant and rare genes 
still exist more or less, although the sample has been normalized. If some rare 
genes were only sequenced for few times, these reads are likely not assembled 
properly due to the short length. 
Table 5. Number of reads per assembly 
Number of reads Number of contigs 
2 to 10 39,135 









3.3 Functional annotation of the 454-EST data 
Totally 190,377 unique sequences were blasted against NCBI non-redundant (NR) 
protein database with cut-off E value < 1-lOe. 29,577 (15.5%) (Tab. 6) unique 
sequences had match with existing gene model. Putative annotations (GO IDs) of 
the genes were assigned to 14,099 of the 29,577 unique sequences (47.7%). 
Annotated unique sequences were summarized according to Gene Ontology terms 
(Fig. 12). In term of biological process (Fig. 12A)，about 1.8% genes were 
assigned into "photosynthesis" categories, which was consistent with previous 
reports that the glandular trichomes of A. annua had two pairs of green secretory 
cells where photosynthesis existed (Bertea et al., 2006; Covello et al, 2007). 
There were also many genes encoding proteins and enzymes involved in primary 
(amino acid metabolism, photosynthesis, fatty acid biosynthesis, etc) and 
secondary metabolism (biosynthesis of lignin, flavonoid and isoprenoid and other 
aromatic compounds). 
Table 6. Summary of BlastX results 
Total Singletons Contigs 
Total number of unique sequences 190,377 147,699 42,678 
Number of sequences hit against 
NCBI NR database 
29,577 19,173 10,404 
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Figure 12. Representation of Gene Ontology assignments for the unique 
sequences from 454 sequencing 
3.4 Comparison of two sequencing runs 
Sequences generated in and the sequencing runs were blasted against 
NCBI non-redundant protein database respectively. As summarized in Table 7， 
the first and second runs generated 266,976 and 289,467 hits respectively, 
totaling 357,843 unique hits. Of them, 198,600 were shared hits. The run 
and the run generated 68,376 (25.6%) and 90,867 (31.4%) specific 
non-redundant hits respectively. This fact, together with the observation that a 
second sequencing run increased the overall sequence coverage by about 30% 
(from 266,976 to 357,843), suggests that two pyrosequencing runs detect about 
70% of all genes expressed in A. annua glandular trichomes. 
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Table 7. The comparison of two runs of 454 sequencing data 



















3.5 Analysis of the 454 ESTs involved in secondary 
metabolisms 
Searching the annotated unique sequences, we found all of the known enzymes 
involved in the artemisinin biosynthesis pathway, together with other enzymes 
related to mono- or sesqui-terpenes biosynthesis (Tab. 8). 
The known enzymes related to artemisinin biosynthesis include famesyl 
diphosphate synthase (Chen et ai, 2000), amorpha-4,11 ,-diene synthase 
(Bouwmeester et ai, 1999)，CYP71AV1 (Teoh et al, 2006)，and aldehyde Al 1(13) 
double bond reductase (Zhang Y. et al., 2008)，etc. In addition, genes involved in 
the cytosolic MVA pathway (sesquiterpene) and the plastidial DOXP/MEP 
pathway (monoterpene) were detected. According Tab. 8 A&B，it is obvious that 
DOXP/MEP pathway is more active than the other one, which is opposite to the 
fact that A. annua main produces were sesquiterpenes (Bertea et al, 2006). This 
may indicate there is cross talk between these two pathways in this plant A. annua. 
Previous reports also suggested that cross talk existed in other plants, such as 
Arabidopsis，and intermediate exchange often occurred to ensure the precursor 
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supply for end point metabolite production. IPP or DMAPP derived from 
DOXP/MEP pathway could be used for sesquitenpenes biosynthesis, or certain 
monoterpenes derived from DOXP/MEP pathway could be used as precursors for 
sesquitenpene production (Hemmerlin et al, 2003; Laule et al, 2003; 
Lichtenthaler, 2007). 
Taken together, we conclude that 454 sequencing technology is a cost effective and 
efficient approach for quick gene discovery in non-model plants such as A. annua. 
Several sesquiterpene biosynthesis related genes have been identified and further 
functional analysis is being carried out. 
Table 8. Identified enzymes involved in artemisinin biosynthesis pathway 
related to other mono- and sesqui-terpenes biosynthesis 
A. MVA pathway 
or 
Name of the enzymes GenBank Accession No. Plant Species No. of hits 
Thiolase ABA27006 Taraxacum 1 
officinale 
HMG-CoA synthase CAA58763 Arabidopsis 9 
(3-hydroxy-3 -methylglutary P54873 
1-Coenzyme A synthase) 
HMG-CoA reductase AAA68965 A. annua 13 
Mevalonate kinase NP_851084 Arabidopsis 6 
Mevalonate-5-pyrophosphat CAA76803 Arabidopsis 9 
e decarboxylase 
Isopentenyl diphosphate ABG56530 A. annua 15 
isomerase 
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B. DOXP/MEP pathway 




AAD56390 A. annua 41 
DOXP reductoisomerase 
(IspC) 























NP一851233 Arabidopsis 17 
HMB-PP reductase (IspH, 
IPP/DMAPP synthase) 
ABY57296 A. annua 39 
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C. Specific artemisinin biosynthesis pathway 
Name of the enzyme GenBank Accession No. Plant Species No. of hits 
Farnesy 丨 diphosphate AAD37789 A. annua 35 
synthase (FPS) AAD17204 
AAD32648 
AAC49452 
Geranylgeranyl diphosphate ABC46867 Stevia 11 
synthase (GGPPS) ABD92926 rehaudiana 
Amorpha-4,ll,-diene AAF61439 A. annua 89 








CYP71AV1 ABB82944 A. annua 73 
aldehyde All(13) double Just Published Protein A. annua 24 
bond reductase Sequence (Zhang Y.S.，et 
al, 2008) 




D. Other monoterpene and sesquiterpene synthases 
Name of the enzyme GenBank Accession No. Plant Species No. of hits 
Germacrene A synthase 
(GAS) (sesquiterpene 
synthase) 
ABE03980 A. annua 43 








(E)-beta-famesene synthase AAX39387 A. annua 61 




A. annua 8 
(-)-beta-pinene synthase 
(monoterpene cyclase) 
AAK58723 A. annua 74 
8-epicedroI synthase 
(sesquiterpene synthase) 
CAC08805 A. annua 64 
(3R)-linalool synthase 
(monoterpene synthase) 














3.6 Selection of the candidate genes 
Based on the functional annotation, many terpenoids pathway genes, 
transcriptional factors and transporters have been identified (See Tab. 9). 
ATP-binding cassette (ABC) transporters have been reported to contribute to 
membrane transport of endogenous secondary metabolites in the plant body 
including terpenoids (Yazaki, 2006). Therefore ESTs encoding ABC transporters 
were selected for further analysis. Other selected candidate genes include Myb and 
WRKY, which encode protein superfamilies related to secondary metabolism and 
trichome development (Jin et aL, 1999; Johnson et al., 2002; Zhao et al, 2008). 
We have also identified several ESTs encoding sesquiterpene synthase for further 
functional characterization. In conclusion, our pyrosequencing EST collection 
provides a rich source of sequence information for future investigation. Further 
understanding of the function of these genes will provide novel insights into the 
molecular basis of trichome development and metabolic function. 
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Table 9. The list of part selected candidate genes 
Contigs ID Annotation 
Transporter 
Contig 1082 ABC transporter 
Contig4040 ABC transporter 
Contig9198 ABC transporter 
Contig 15781 ABC transporter 
Contig21181 ABC transporter 
Contig36349 ABC transporter 

















Contig357 oxophytodienoate reductase 
Contig 10780 oxophytodienoate reductase 
Contigl594 sesquiterpene synthase 
Contig 6795 sesquiterpene synthase 
Contigl2831 farnesene synthase 
Contigl594 sesquiterpene cyclase 
Contig 5703 sesquiterpene cyclase 
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3.7 Establishment of regeneration system of A annua L. 
After the selection of these candidate genes, the further work is to characterize 
their biological function. Toward this aim, over-expression and 
knock-down/knock-out are the regular methods. To facilitate the functional study, I 
have also established a stable regeneration system of A. annua L. 
3.7.1 Shoots induction from leaf discs 
As shown in Table 10，shoot induction frequency of A annua was highest (70%) at 
0.5 mg/l 6-BA and 0.3 mg/l NAA combination. Under such condition, callus 
started to appear from the wounded tissue after 2 weeks and continue to 
differentiate to shoots in another week (Fig. 13). The shoots were separated from 
the explants and continued to grow up in the same medium until the shoots is more 
than 2 cm in length. 
3.7.2 Roots induction from shoots 
Single shoot with >2 cm in length was then transferred to rooting medium. It took 
1-2 weeks for rooting to start. Table 11 showed that the rooting frequency was 
highest (83.3%) when 0.25 mg/l NAA was supplemented. And the roots were 
much healthier and fast-growing. 
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•Efficiency of shoot induction = (Number of differentiated explants / Number of explants) 
100% 















The number of 
rooting shoots 










^Frequency of root induction = (Number of rooting shoots / Number of shoots) x 100% 
58 
3.7.3 Sensitivity of A, annua to Kan 
Induced A. annua shoots were extremely sensitive to Kan (Table 12). When 2.5 
mg/1 Kan was supplemented to the medium, shooting appeared after 5-6 weeks 
with low shooting efficiency (20%) and some of them turned yellow. Increasing 
the Kan concentration to 5 mg/1 dramatically reduced the shooting efficiency. Only 
one leaf disc differentiated with deformed phenotype, but failed to grow normally. 
Shoots induction was completely inhibited at lOmg/l of Kan. We therefore chose 5 
mg/1 Kan as the selection concentration for genetic transformation of A. annua. 
Table 12. Shoot induction frequency at various concentrations of Kan 
Kan concentration" 
(mg/1) 
The number of 
explants used 
The number of 
differentiated 
explants 

















a: Medium: MS + 0.5 mg/1 6-BA + 0.3 mg/1 NAA, 3% Sucrose, 0.8% Agar, pH5.8. 
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Figure 13. Establishment of regeneration system of A annua L. 
A. The differentiated leaf discs on the shoot induction medium (MS + 0.5 mg/1 6-BA + 0.3 
mg/1 NAA), B. The shoots were rooted on rooting medium (MS + 0.25 mg/1 NAA); C. The 
healthy root of regenerated plantlet (the medium was same to B); D. The regenerated 
plants in soil. 
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Chapter 4. Conclusion 
Glandular trichomes are the sites for biosynthesis and storage of artemisinin in 
A. annua. Aiming at transcriptome based gene discovery, we chose to conduct 
massively parallel sequencing of glandular trichomes transcriptome. The 
distribution of glandular trichomes in different tissues over developmental 
stages was first investigated in order to determine the most suitable tissue and 
developmental stage for trichome isolation. Trichome cDNAs were then 
normalized to decrease the representation of the most abundant transcripts, 
consequently enhance the gene discovery rate. 
Two consecutive 454 pyrosequencing runs resulted in 406,044 of raw reads 
with average length of 210 bp, totaling 85 Mb. After clean-up and assembly, 
42,678 contigs and 147,699 singletons were generated. These 190,377 unique 
sequences were blasted against NCBI non-redundant protein database and 
29,577 found corresponding hits to existing gene models. 14,099 of the 29,577 
genes were tentatively annotated using Gen Ontology term. After comparing 
the data of two 454 sequencing runs, we found that a second sequencing run 
only increased the number of identified genes for about 30%, indicating two 
pyrosequencing runs provided deep and comprehensive representation of 
transcripts expressed in A. annua glandular trichomes. 
Further analysis of the annotated unique sequences revealed many terpenoids 
pathway genes, transcription factors, and transporters. The generated EST 
collection also provides important clues to artemisinin metabolism and 
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trichome function. Candidate genes of interests have been selected for further 
functional study. On the basis of our knowledge, this is the first comprehensive 
glandular trichome specific EST collection in A. annua. 
In connection with the functional study of selected genes, I have also 
established a high efficiency plant regeneration system for A. annua. Suitable 
hormone combinations for A. annua leaf discs regeneration and Kan 
concentration for selection of genetic transformants have been determined. 
This optimized regeneration system will serve as important platform for further 
functional study of selected gene candidates. 
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